The purpose of this study was to determine the maximum tolerated dose of carboplatin administered with 500 mg/m 2 thiotepa and 100 mg/m 2 melphalan followed by autologous peripheral blood stem cell (PBSC) infusion in patients with refractory malignancies. Twenty-eight patients with refractory malignancies received high-dose thiotepa (500 mg/m 2 , melphalan (100 mg/m 2 ) and escalating doses of carboplatin 900-1500 mg/m 2 ) followed by infusion of cryopreserved autologous PBSCs. The maximum tolerated doses were determined to be 500 mg/m 2 thiotepa, 100 mg/m 2 melphalan and 1350 mg/m 2 carboplatin. Two consecutive patients receiving 1500 mg/m 2 carboplatin experienced grade 3 mucositis and colitis. Ten patients were enrolled at the maximum tolerated dose and none had grade 3-4 regimen-related toxicity and mortality. All patients at this level experienced grade 1-2 mucositis, 90% grade 1-2 gastrointestinal toxicity, 30% grade 1-2 cardiac and renal toxicity, and 10% experienced grade 1 hepatic toxicity. The median time to achieve a granulocyte count of 0.5 × 10 9 /l was 9 days (range 7-12 days) and platelet count of 20 × 10 9 /l was 10 days (range 7-15 days). Of eight patients with stage IV refractory breast cancer, even were evaluable for response, one patient on day 75 will be evaluated soon. Five of seven (71.5%) evaluable patients achieved a complete remission (CR) and two had no response. Of seven patients with non-Hodgkin's lymphoma (n = 4) or Hodgkin's disease (n = 3), five achieved a CR (71.5%). Thiotepa, melphalan and carboplatin can be administered in high doses with tolerable mucositis as the major side-effect. This combination has significant activity in patients with breast cancer, and phase II studies in patients with breast cancer and other chemotherapy-sensitive malignancies are warranted. Bone Marrow Transplantation (2000) 25, 697-703.
The principles of dose-response and combination chemotherapy have been a basic approach for the design of the initial curative standard-dose treatment regimens for leukemias, lymphomas and testicular cancer. Agents were selected with different dose-limiting toxicities, resulting in subadditive toxicity in combination. One of the most important principles in the design of curative regimens was to combine agents with different mechanisms of action to avoid cross-resistance. Based on these principles, combinations of the highest tolerated doses of active noncross-resistant agents are required to decrease the emergence of drug resistance and achieve optimum cytotoxicity. Hematopoietic stem cell support provides a mechanism for significantly increasing the doses of active agents, a strategy that has resulted in the cure of 20-50% of selected patients with lymphoma who could not be cured with standard-dose therapy. 1, 2 Because of the success which is seen in the treatment of hematologic malignancies, high-dose chemotherapy (HDC) and autologous peripheral blood stem cell transplantation (PBSCT) is being used increasingly in patients with solid tumors where a dose-response relationship is thought to exist. [3] [4] [5] [6] [7] [8] High-dose chemotherapy with autologous PBSCT has been demonstrated to produce prolonged disease-free survival in some patients with advanced breast and ovarian cancer as well as refractory testicular cancer. [9] [10] [11] [12] [13] [14] Reasons for poor outcome in some studies following HDC and autologous PBSCT using currently available treatment regimens include relapse and transplant-related mortality. The lack of sufficiently effective cytoreductive conditioning regimens remains the major impediment to improving the HDC of patients with solid tumors. In this study our objective was to develop a high-dose chemotherapy regimen with a low mortality rate, and significant activity against solid tumors. Thiotepa, melphalan and carboplatin (TMCb) are all myelosuppressive at conventional doses and can be individually dose-escalated several-fold with peripheral blood stem cell (PBSC) support. [15] [16] [17] [18] Melphalan and thiotepa are active drugs in the treatment of hematologic malignancies. [19] [20] [21] Melphalan and thiotepa are among the most active single agents in the treatment of breast and ovarian cancer. 15, [22] [23] [24] [25] [26] Similarly, carboplatin as a single agent has significant activity against ovarian, testicular and lung cancer. 3 Carboplatin as a part of ICE (ifosfamide, carboplatin and etoposide) and CTCb (cyclophosphamide, thiotepa, carboplatin) HDC regimens has been used for the treatment of various solid tumors with autologous PBSCT. 3, [27] [28] [29] [30] [31] Based on these observations, we hypothesized that a HDC regimen of thiotepa, melphalan and carboplatin would have substantial antitumor activity. We report the results of a dose escalation study of carboplatin administered with a fixed dose of 500 mg/m 2 thiotepa and 100 mg/m 2 melphalan to determine the maximum tolerated dose (MTD) in patients with refractory malignancies.
Patients and methods

Patients and treatment regimen
From January 1998 to May 1999, 28 patients with refractory malignancies were entered into the study. All patients were Ͻ60 years of age, had a Karnofsky score of Ͼ70% and had normal cardiac, renal, hepatic and pulmonary function. Oral and written informed consent was obtained from all patients or their guardians. Patients characteristics are given in Table 1 .
A cumulative dose of 500 mg/m 2 thiotepa was administered on days −9 and −8. 
Treatment schedule
Treatment schedule was as follows: days −9 to −8: thiotepa 250 mg/m 2 /day i.v.; days −7 to −6: melphalan 
Autologous stem cell harvest and cryopreservation
Twenty-eight patients received peripheral blood stem cells (PBSC) collected following the administration of chemotherapy followed by recombinant human granulocyte colony-stimulating factor (rhG-CSF-Neupogen; AmgenRoche, Thousand Oaks, CA, USA). Eighteen of 28 patients received chemotherapy consisting of cyclophosphamide (CY) 4 g/m 2 /day × 1 on day 1 and paclitaxel 250 mg/m 2 /day × 1 on day 2 followed by rhG-CSF 10 g/kg/day (subcutaneously twice daily) starting the day after completion of paclitaxel until the last day of apheresis. [32] [33] [34] [35] The remaining 10 patients received CY + etoposide 200 mg/m 2 /day × 3 on days 1, 2 and 3 (CE) followed by rhG-CSF. 36 The techniques of PBSC harvest, cryopreservation, thawing and transfusion have been described elsewhere. [37] [38] [39] Day 0 designates the day of PBSC infusion. All patients in this study received post-transplant growth factor (rhG-CSF) at the dose of 5 g/kg/day until successful engraftment occurred.
Regimen-related toxicity grading
Regimen-related toxicity (RRT) was graded using a previously described system to assess morbidity. 40 Toxicities affecting renal, hepatic, cardiac, pulmonary, gastrointestinal, bladder, the central nervous system and mucous membranes were evaluated. RRTs were graded prospectively from day 0 to day 28. Grade 3 toxicity was considered lifethreatening and grade 4 toxicity was a fatal consequence of the treatment regimen.
Drug dose levels and patient allocation
The method of patient allocation was designed to limit treatment at dose levels associated with Ͼ20% grade 3 or 4 RRT. A modification of Hsi's method was used to allocate patients to each dose level as described previously. 41 Patients were treated in groups of four with a maximum of eight patients to be treated at each dose level ( Table 2 ). The first group of patients was treated on dose level 2. The treatment of subsequent groups of four patients was at the appropriate dose level if the previous group had none, one, two or more cases of severe RRT. Patients were not treated at a higher dose level if the estimates indicated a Ͼ80% probability that the incidence of RRT would exceed 20% at that dose level. If two patients were being evaluated at a given dose level, additional patients were enrolled at the next lower dose level.
Definitions
Engraftment was defined as the first of 2 consecutive days on which the patient's neutrophil count was greater than 0.5 × 10 9 /l following the nadir and first of 7 consecutive days on which the patient's unsupported platelet count was greater than 20 × 10 9 /l. For pre-transplant classification, patients with stage 4 breast cancer that progressed during chemotherapy or relapsed after one chemotherapeutic regimen were considered refractory.
Complete remission (CR) is defined as the disappearance of all measurable tumor for Ͼ30 days. Partial remission (PR) is defined as a Ͼ50% reduction in the size of a measurable lesion or lesions based on the sum of the products of the greatest tumor diameter and its perpendicular for at least 30 days without the appearance of new lesions. Duration of response was calculated from day of stem cell infusion. Responses less than PR, or progressive disease were considered no response (NR).
Results
Protocol compliance
All 28 patients received all of the prescribed doses of drugs. High-dose chemotherapy and autologous PBSC infusion was performed at the Bone Marrow Transplantation Unit of Ankara University Medical School. Median hospital stay was 18 days (range .
PBSC mobilization
Twenty-eight patients received chemotherapy followed by rhG-CSF for PBSC mobilization and a median of 7.55 × 10 6 CD34 + cells/kg (range 1.52-33.2) was collected with a median of 2 (range 1-4) aphereses. In 18 patients receiving CY + paclitaxel followed by rhG-CSF for PBSC mobilization, a median of 7.9 × 10 6 CD34 + cells/kg (range 1.59-33.2) were collected with a median of 2 (range 1-3) aphereses. In 10 patients receiving CE followed by rhG-CSF, a median of 6.61 × 10 6 CD34 + cells/kg (range 1.52-28.07) were collected with a median of 2 (range 1-4) aphereses. Patients began the preparative regimen a median of 33 days (range 28-46) following administration of chemotherapy for PBSC mobilization.
Engraftment
All patients were evaluable for engraftment. All patients received PBSCs and achieved granulocytes 0.5 × 10 9 /l and platelet transfusion independence (Ͼ20 × 10 9 /l) at a median 9 days (range 7-12) and 10 (7-15) after stem cell infusion, Bone Marrow Transplantation respectively. Median numbers of RBC and platelet transfusion requirements in this study were 2 units (range 1-4) and 8 units (4-16), respectively.
Regimen-related toxicities and determination of maximum tolerated dose
Twenty-eight patients were enrolled at five dose levels and all were evaluable for toxicity (Table 2) . Four patients were initially enrolled at dose level 2. One patient with stage IV breast cancer (UPN 9808) had grade 3 cardiac toxicity associated with a severe heart failure and a decrease in voltage by more than 50%. Therefore, four more patients were enrolled at dose level 2 and none of these had grade 2-3 toxicities. Of eight patients who were enrolled at dose level 2, seven had grade 1 mucositis. Four patients were enrolled at dose level 3 and all had grade 1 mucositis. One patient with stage IV breast cancer (UPN 9813) at this dose level had grade 2 mucositis and colitis. No grade 3 or 4 RRT was observed. Four patients were enrolled at dose level 4. Two patients at this dose level had grade 1 mucositis. Two of four patients, one with relapsed non-Hodgkin's lymphoma (UPN 9814) and one with relapsed Hodgkin's disease (UPN 9905) had grade 2 mucositis and colitis. No grade 3 or 4 RRT was observed at this dose level. Four patients were initially enrolled at dose level 5. All patients had grade 1-2 mucositis and two patients also developed grade 2 colitis. One patient at this dose level had grade 1 cardiac toxicity. No grade 3 or 4 RRT was observed.
Two consecutive patients enrolled at dose level 6 experienced grade 3 toxicities; therefore this was considered to be a toxic dose, and dose level 5 was deemed the MTD. At dose level 6, one patient with refractory stage 4 breast cancer with bone only disease (UPN 9910) had grade 3 mucositis and colitis associated with severe oral ulceration and abdominal pain with hemorrhagic enterocolitis, evidenced by CT scan showing diffuse bowel wall thickening, affecting cardiovascular status and requiring bolus normal saline (%0.9) infusions and RBC transfusions twice. One patient with relapsed ovarian cancer (UPN 9909) had grade 3 mucositis and colitis associated with severe oral ulcerations and dysphagia resulting in documented aspiration pneumonia. Abdominal pain due to colitis was associated with hemorrhagic diarrhea requiring platelet and packed Table 3 Regimen-related toxicities in 10 patients given dose level 5 RBC infusions. Bowel thickening of the transverse and descending colon was demonstrated on CT scan. An additional six patients were enrolled at dose level 5 for a total of 10 patients. The RRT for all 10 patients at the MTD are shown in Table 3 . Of 10 patients who were enrolled at dose level 5, one developed grade 2 cardiac, six grade 2 mucositis and colitis, and one grade 2 renal toxicity.
Category
The patients enrolled on dose level 5 experienced a median peak bilirubin of 1.1 (range 0.2-3.5), and a median peak creatinine of 1 (range 0.9-3.8) during the first 28 days following stem cell infusion.
All 28 patients developed febrile neutropenia and antibiotics were administered empirically. Documented infections with positive cultures occurred in 11 of 28 (39%) patients. Of 11 patients with documented infections, five had E. coli, four Coag (−) staph. aureus, one P. pseudomallei and one had Coag(−) staph. aureus plus E. coli. The site of infection was documented in only two patients. Of these two patients, one had E. coli in bloody diarrhea and the other had Coag(−) staph. aureus in sinus secretions.
Response to thiotepa, melphalan and carboplatin
Thirteen patients with stage IIIB (n = 2) and stage IV (n = 11) breast cancer received treatment and seven were evaluable for response (Table 4) . Five patients with no evidence of disease at the time of transplant remain diseasefree at 229-471 days. Eight patients had relapsed after at least one chemotherapy regimen (range 1-8) and were considered refractory at the time of transplant. One patient with stage IV breast cancer who is now 75 days post transplant will be evaluated for response soon. Five of seven patients achieved a CR (71.5%) and two had no response following the TMCb regimen. Patient UPN 9805 with a CR following transplant had a relapse on day 170 and died of extensive liver metastasis on day 210. Patient UPN 9804 with no response following transplant had disease progression despite post-transplant chemo-and hormonotherapies but is still alive on day 558. Patient UPN 9812 with no resonse following transplant also had disease progression despite post-transplant chemo and hormonotherapies. This patient UPN = unique patient number; NED = no evidence of disease; CR = complete response; PR = partial remission; LAP = lymphadenopathy; * = will be evaluated later.
was Her-2 neu receptor positive and therefore trastuzumab (Herceptin; Genentech, South San Francisco, CA, USA) was started on day 278 post transplant. She is still alive on day 348. Five patients are still in CR 171-591 days after transplant (Table 4) . Complete remissions were also observed in patients with Hodgkin's disease (n = 2), nonHodgkin's lymphoma (n = 3), multiple myeloma (n = 1), and non-seminomatous testicular cancer (n = 1) ( Table 5 ).
Discussion
Alkylating agents are a class of chemotherapeutic drugs that have marked differences in their biological mechanism of action and in selectivity toward cancer cells. It has been demonstrated that alkylating agents are not cross-resistant with each other, and may even exhibit selective toxicity toward tumor cells. 42, 43 Furthermore, these agents do not always have additive toxicity to normal cells. The major dose limiting toxicity is myelosuppression while non-marrow toxicities vary from drug to drug. The dose-response curve is steep for both therapeutic and toxic effects of chemotherapy for many experimental and clinical tumors. Data derived from laboratory investigations have provided persuasive evidence for a log-linear relationship between dose of alkylating agents and tumor cell kill in several animal tumors. 43, 44 This relationship did not appear to plateau in the range studied. This finding suggested that if alkylating agents could be used at much higher doses, greater cytoreduction might result. This steep dose-response curve renders alkylating agents appealing for use in dose escalation studies in the transplant setting. 42, 43 However, a dosetoxicity relationship may also exist for these agents. [42] [43] [44] Many examples now exist of increased responses to high doses of alkylating agents in patients with diseases refractory to conventional doses. Alkylating agents used in combination have been shown to be curative in Hodgkin's disease and produce increased median survivals in patients with metastatic ovarian and breast cancer as well as other solid tumors. Hyrniuk and Broder have demonstrated a consistent correlation between the dose of chemotherapy administered and the frequency of response in metastatic 701 Table 5 Summary of response to thiotepa, melphalan and carboplatin UPN = unique patient number; CR = complete remission; PR = partial remission; NR = no response; NED = no evidence of disease; HD = Hodgkin's disease; NHL = non-Hodgkin's lymphoma; SCLC = small cell lung cancer; St = stage.
UPN
breast cancer. 45, 46 Alkylating agents appear more effective than other classes of drugs and have been shown to have single agent response rates from 20 to 54% in metastatic breast cancer. 46 Response rates of 75% have been achieved in high-dose single alkylating agent therapy in failed or refractory breast cancer. [22] [23] [24] The major obstacle to curing patients with advanced breast cancer and other malignancies with HDC and autologous PBSCT is relapse. 1, [9] [10] [11] [12] 32 Strategies to reduce relapse rates include increasing the intensity of the preparative regimen and administering the HDC earlier in the course of the disease when disease burden is small and tumor resistance is less likely to have developed. Increasing the dose intensity of HDC regimens can increase response rates but this is often at the expense of additional toxicity. In order to successfully utilize HDC early in the course of a disease, HDC regimens should have a minimal risk of transplantrelated mortality. Therefore, in the current study we sought to develop a HDC regimen that would have increased activity in solid tumors, and have minimal transplantrelated mortality associated with an improved outcome.
Chemotherapeutic agents such as thiotepa and melphalan with myelosuppression as the initial conventional dose-limiting toxicity and non-overlapping non-hematologic toxicities can be combined and maximally dose-escalated to take full advantage of a dose-response relationship. Melphalan and thiotepa are two of the most effective alkylating agents for the treatment of breast cancer 15, [22] [23] [24] and have widespread activity against other malignancies including Hodgkin's disease, NHL and ovarian cancer. 20, 21, 25, 26 They both exhibit a steep dose-response curve 42 and are not cross-resistant in some settings. 43 Other investigators have attempted to take advantage of these agents in HDC regimens combined with CY and concluded that gastrointestinal toxicity precluded the use of melphalan and thiotepa together. 5 A majority of patients undergoing HDC has already been exposed to CY and may have developed resistance. In addition, in the current and other studies CY combined with taxol or other agents is frequently being used for cytoreduction and PBSC mobilization prior to transplantation.
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Carboplatin is a platinum coordination compound which is a cell cycle non-specific agent. Carboplatin produces interstrand DNA cross-links, similar to those with bifunctional alkylating agents. Carboplatin has been used for treatment of several solid tumors including ovarian, testicular, lung and head-neck cancers. High doses of carboplatin without hematopoietic stem cell support produce responses in patients with advanced ovarian carcinoma who have failed conventional doses of cisplatin. 27 Carboplatin can be dose-escalated as a single agent to 2000 mg/m 2 when followed by autologous marrow or stem cell infusion resulting in a high response rate in patients with refractory ovarian carcinoma. 28 Carboplatin has also been used as a part of CTCb and ICE regimens for treatment of various solid tumors with HDC and autologous PBSCT.
3,28-31 Calvert et al 47 have documented the importance of dosing by a calculated target formula which compensates for renal function, age and gender when conventional doses of carboplatin are administered. It has been demonstrated that estimated AUC values of carboplatin in several studies overlapped with dosing on a mg/m 2 basis. 28, 48 Shea et al 28 administered carboplatin in doses of 375-2400 mg/m 2 and found a direct correlation between mg/m 2 and measured AUC suggesting that dosing could be based on body surface area. Therefore, the current high-dose trial was designed to administer carboplatin on a mg/m 2 basis over 3 consecutive days, as in the other previously reported HDC trials with carboplatincontaining conditioning regimens. [29] [30] [31] As expected, the dose-limiting toxicity of TMCb regimen was gastrointestinal, manifesting as colitis and mucositis in two consecutive patients treated with a carboplatin dose of 1500 mg/m 2 . The current study with no fatal RRT and only grade 1-2 toxicities in the 10 patients treated at the MTD compares favorably with other regimens developed in refractory patients (Table 6) . [3] [4] [5] [6] [7] 49 No significant cardiac, pulmonary, renal, hepatic or central nervous system toxicities were observed in this study.
Commonly used HDC preparative regimens for the treatment of breast cancer have resulted in CR rates of 0-50% in the initial phase I trials. [3] [4] [5] 7, 49 Five of seven evaluable patients with refractory breast cancer achieved a CR in this C = cyclophosphamide; B = carmustine; P = cisplatin; T = thiotepa; Cb = carboplatin; M = melphalan; Bu = busulfan. study with the TMCb regimen comparing very favorably with these phase I trials (Table 6 ). These regimens are now in widespread use and CR rates of 37-59% have been reported in patients with previously untreated or chemosensitive metastatic disease. Despite an increase in CR rates following HDC, only 10-20% of patients remain free of disease 15-27 months after therapy. [9] [10] [11] [12] From these observations, it is clear that some patients may experience prolonged remissions with HDC, but the majority still succumb to their disease. More active preparative regimens used alone or in sequence with additional HDC and/or posttransplant therapy will probably be necessary to improve cure rates in patients with metastatic breast cancer. The number of patients treated in this study is small but a CR was produced in five of seven patients with metastatic breast cancer that had failed a median of four regimens and all had failed at least one doxorubicin-containing regimen.
Srivastava et al 50 have recently reported a 58% relapsefree survival at 3 years in patients with intermediate grade NHL treated with a preparative regimen of busulfan and melphalan. Schiffman et al 51 reported a 2-year event-free survival rate of 46% in patients with NHL and HD treated with a preparative regimen containing busulfan, melphalan and thiotepa (BuMelTT). In that study, the authors concluded that a regimen of BuMelTT was well tolerated in patients with aggressive NHL or relapsed HD, and results were at least equivalent to other published regimens, including TBI-based regimens. 51 In the current study, we observed complete remissions in patients with HD and NHL receiving TMCb. Of seven patients with NHL (n = 4) or HD (n = 3), five achieved a CR (71.5%). These encouraging response rates suggest that TMCb may also be an effective preparative regimen for the treatment of patients with HD or NHL. Since this regimen appears to be well tolerated when given with autologous PBSCT support, phase II studies in other malignancies will help to define its spectrum of activity.
